ABSTRACT. The objective of this study was to model the kinetics of water sorption in roasted and ground coffee. Crude Arabica coffee beans with an initial moisture content of 0.1234 kg w kg dm -1 were used. These beans were roasted to a medium roast level (SCCA # 55) and ground at three particle sizes: coarse (1.19 mm), medium (0.84 mm) and fine (0.59 mm). To obtain the water sorption isotherms and the isosteric heat, different conditions of temperature and relative humidity were analyzed using the dynamic method at 25ºC (0.50, 0.60, 0.70, and 0.80 of RH) and 30°C (0.30, 0.40, 0.50, 0.60, 0.70, and 0.80 of RH) and using the static method at 25ºC (0.332 and 0.438 of RH). The GAB model best represented the hygroscopic equilibrium of roasted coffee at every particle size. Isosteric heat of sorption for the fine particle size increased with increments of equilibrium moisture content, indicating a strong bond energy between water molecules and the product components. The Gibbs free energy decreased with the increase in equilibrium moisture content and with temperature.
Introduction
The popularity of coffee is not based on its nutritional value or potential health benefits but is due to its flavor and stimulating effects. Currently, several new coffee products are being developed, such as capsules and sachets. Commercialization and success of these types of products require the correct preservation of ground, roasted coffee beans. Different factors can influence the preservation of coffee and consequently its final quality, including cultivation, harvest and post-harvest processing (for example, grinding, roasting and storage).
The purpose of grinding is to increase the surface area for extraction, as it increases the interface between water and the solid to facilitate the transfer of soluble substances to the brewing water, which affect cup quality (Illy & Viani, 1996) . However, grinding promotes cell breakage and enables the release of molecular components, which can make quality preservation difficult (Corrêa et al., 2016a) .
Roasting also affects the degree of moisture sorption, with coffee being more (dark roasts) or less (light roasts) hygroscopic according to the degree of roasting (Corrêa, Oliveira, Oliveira, Vargas-Elías, & Baptestini, 2016b) . Roasted coffee undergoes important chemical and physical changes that affect its quality and adequacy. Water, oxygen, and light all Acta Scientiarum. Agronomy Maringá, v. 39, n. 3, p. 273-281, July-Sept., 2017
influence roasted coffee quality during storage (Kreuml, Majchrzak, Ploederl, & Koenig, 2013) . Temperature and relative humidity of the environment surrounding the product are the primary parameters to be considered during storage. They determine the water activity (a w ) of the product and thus the water exchange between the product and the environment (Henao, Queiroz, & Haj-Isa, 2009 ). Due to its low moisture content, roasted and ground coffee may absorb moisture from the environment, causing clumping and inhibiting handling and movement of the product as well as increasing economic losses (Oliveira et al., 2014) . Sorption isotherms are a key metric for assessing water sorption during storage and are affected by coffee particle size and roasting (Oliveira et al., 2014) .
Along with water sorption, the thermodynamic sorption properties of a material may be monitored by assessing the a w . According to Corrêa, Oliveira, and Santos (2012) , the thermodynamic properties of agricultural products is a key resource that can provide information for assessing the effect of a w on product storage as well as food microstructure, and they can aid in the understanding of the properties of the adsorbed water. This information enables the study of the physical phenomena that occur on food surfaces.
Given these reasons, as well as the importance of understanding the hygroscopicity of agricultural products, the objective of this study was to determine the adsorption isotherms of roasted coffee ground at different particle sizes. Additionally, this study sought to determine the thermodynamic properties of water sorption as a function of a w .
Material and methods
The present work was developed at the Physical Properties and Quality of Agricultural Products Laboratory, belonging to the National Center of Storage Training (CENTREINAR), located at the Federal University of Viçosa, Viçosa, Minas Gerais State, Brazil.
Sample preparation
Crude coffee (Coffea arabica L.) were used for these experiments, with average size above sieve number 16 and initial moisture content of 0.1234 kg w kg dm -1
. A direct burning roaster using GLP gas, with a rotating cylinder at 45 rpm and capacity of 350 g of crude grain was used to roast the beans. The average temperature of roaster was 284ºC. Roasting was complete when bean mass temperature reached 235ºC, after approximately 16 minutes, which led to 17% weight loss. This characteristic matches the medium roast standard for coffee beans, based on the Agtron number (SCCA # 55). Sample temperature measurement was accomplished with an infrared thermometer.
After roasting, coffee was ground at three particle sizes: coarse (1.19 mm), medium (0.84 mm) and fine (0.59 mm), using milling equipment (Mahlkönig, model K32 S30LAB, Germany), according to Corrêa et al. (2016b) .
Sorption isotherms
Moisture content was measured as described by the Regras para análise de sementes (Rules for Seed Testing) (Brasil, 2009 ). Dynamic and static sorption methods were used to measure the equilibrium moisture content of roasted and ground coffee at different particle sizes.
The following combinations of temperature and relative humidity were used for the dynamic method: 25ºC (0.50, 0.60, 0.70, and 0.80 of RH) and 30°C (0.30, 0.40, 0.50, 0.60, 0.70, and 0.80 of RH) . These conditions of temperature and humidity were created with an Aminco-Aire atmosphere conditioner unit (Aminco Company).
BOD (Biological Oxygen Demand) chambers kept at 25ºC were used for the static method, with desiccators using saturated solutions of potassium carbonate and hydrated magnesium chloride (relative humidities of 0.332 and 0.438, respectively). These saturated solutions were prepared according to techniques cited by Hall (1980) . Samples of 10 g were used and weighed periodically until the mass variation among three consecutive measurements was less than or equal to 0.01 g, signifying hygroscopic equilibrium.
Mathematical models were fitted to the hygroscopic equilibrium data to describe the sorption phenomenon (Table 1) . Table 1 . Mathematical models to represent hygroscopic equilibrium curves.
Model name Model
Modified Oswin (1)
GuggnheimAnderson-de Boer (GAB)
In which, U e : equilibrium moisture content; aw: water activity, decimal; a, b e c: parameters of the models and T: temperature, °C; Um: monolayer moisture content, % d.b.; and C and Κ: parameters of the GAB model which are related to the dimensionless monolayer and multilayer properties, respectively.
( )
The standard deviation of the estimate (SDE), mean relative error (MRE) values, and residual plot were analyzed to assess the goodness of the model fit. The MRE and SDE values of each model were calculated using Equations 7 and 8, respectively:
In which: MRE = mean relative error, %; SDE = standard deviation of the estimate, % d.b.; Y = observed value; Ŷ = estimated value by the model; n = number of observed data; and DF = residue degrees of freedom (number of observed data minus number of model parameters).
Thermodynamic properties
The isosteric heat of sorption (Q st ) can be defined as a partial molar property, derived from the isotherm dependence on temperature (Equation 9).
where: P = partial pressure of water vapor; R = water vapor constant, 0.462 kJ kg
; T a = absolute temperature, K; Q st = isosteric heat of sorption, kJ kg -1 . The Clausius-Clapeyron equation is often used to establish the isosteric heat of sorption because it provides a rapid computational procedure. From that equation, applied to pure water, the following was obtained:
where, P o = saturation pressure at temperature T a ; Q n st = net isosteric heat of sorption, kJ kg -1 . The net isosteric heat of sorption is the difference between the isosteric heat and pure water vaporization energy (L r ). This variable can be calculated according to Equation 10 by plotting the sorption isotherms as ln (a w ), at a specific moisture content, vs. 1/T a , and measuring the slope (Wang & Brennan, 1991) .
Equation 10 is based on the assumption that Q n st is invariant with T a . Although not always true, this assumption has often been accepted (Iglesias & Chirife, 1976) . This method requires the measurement of sorption isotherms at more than two temperatures. The isosteric heat may also be calculated from the integrated form of Equation 11 applied to sorption isotherms measured at two temperatures (Wang & Brennan, 1991) .
The Gibbs free energy was calculated using Equation 12. Free energy changes are positive for desorption and negative for adsorption (Atkins, 2000) .
Results and discussion Table 2 presents the parameters of the models fitted to the equilibrium moisture content of roasted coffee ground to different particle sizes at different temperature and relative humidity conditions. The respective values of the coefficient of determination (R 2 ), standard deviation of the estimate (SDE) and mean relative error (MRE) are also included.
The coefficient of determination values were higher than 95% for most of the models, but this parameter cannot be used on its own to decide which model best fits the process as it is based on linear models. Low values of SDE indicate good fit of the model as a description of the sorption process (Draper & Smith, 1998) , and low values of MRE (lower than 10%) indicate a good fit for practical purposes (Samapundo et al., 2007) . Thus, Halsey and Chung-Pfost models are not suitable because values of MRE and SDE at medium particle size are inadequate ( Table 2) .
The remaining models can be used to predict the sorption isotherms of roasted coffee at different particle sizes. However, the GAB model is superior to empirical models, as its coefficients are correlated to physical changes, allowing a more detailed study of the heat and mass transfer during sorption. Figure 1 was prepared to verify if the GAB model has biased or random residual plots. The GAB model presents random residual plots, indicating that this model can be used to describe the sorption kinetics of roasted and ground coffee. Thus, the GAB model was chosen to predict sorption isotherms of roasted coffee in different particle sizes.
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According to Oliveira, Corrêa, Santos, Treto, and Diniz (2011), monolayer moisture content indicates the amount of water molecules that are strongly adsorbed at specific sites on the food surface. This value is an important measurement for ensuring foodstuff stability (Lavoyer, Gabas, Oliveira, & Telis-Romero, 2013) . Values of this coefficient varied between 3.185 to 5.293% d.b. Minimal deterioration is expected in products with a lower moisture content compared to a monolayer moisture content because the water is strongly bound and does not participate in chemical reactions (Dalgiç, Pekmez, & Belibagl, 2012) .
The C constant is associated with the chemical potential differences between the monolayer and superior layers. As observed in Table 2 , this constant did not present a defined behavior in the present work, although this trend was reported previously (Oliveira et al., 2011; Goneli, Corrêa, Oliveira, & Afonso Júnior, 2013) . According to Goneli et al. (2013) , this is due to the heterogeneous nature of coffee products, and variance among layers may lead to this trend.
The constant K corresponds to the difference at the chemical potential between the monolayer and free water. These numbers are, with rare exceptions, close; K is consistently lower than unity (Timmermann, Chirife, & Iglesias, 2001) (Table 2 ). Figure 2 shows the effect of temperature on sorption isotherms of roasted coffee. With increased temperature at a constant water activity value, equilibrium moisture content is reduced. According to Palipane and Driscoll (1992) , as temperature increases, water molecules become thermodynamically less stable, favoring bond breakage with sorption sites and reducing the moisture content of the product. The excitation, distance, and consequently the attraction of Acta Scientiarum. Agronomy Maringá, v. 39, n. 3, p. 273-281, July-Sept., 2017 molecules vary with temperature alteration. Thus, the amount of absorbed water changes due to temperature variation at a given relative humidity (Mohsenin, 1986) .
GAB 25°C: coarse GAB 25°C: medium GAB 25°C: fine GAB 30°C: fine GAB 30°C: coarse GAB 30°C: medium Sorption isotherms of roasted coffee presented a pronounced increase of moisture content in the final values, corresponding to elevated water activity values (Figure 2 ). Analogous behavior was observed by Corrêa, Afonso Júnior, and Stringheta (2000) , and Anese, Manzocco, and Nicoli (2006) , suggesting a similar trend for most products of agricultural origin. Furthermore, from Figure 2 it can be concluded that particle size significantly altered the equilibrium moisture content of roasted and ground coffee, especially at higher values of water activity (> 0.80). This trend can be explained by changes to the specific area: lower particle sizes lead to higher specific area and consequently higher interaction with the environment, reaching higher values of equilibrium moisture content.
The moisture content of roasted and ground coffee established by Brazilian law cannot exceed 5. 26% (d.b.) . Considering this value, regardless of temperature, this limit is surpassed if starting from a water activity of 0.55 (Figure 2 ), compromising physical, chemical and biological stability of the products.
Observed and estimated values of the integral isosteric heat of sorption, as a function of equilibrium moisture content of roasted coffee samples, in different particle sizes, are shown in Figure 3 . Figure 3 shows an increase of integral isosteric heat of sorption with decrease of equilibrium moisture content, for roasted coffee at medium and coarse particle sizes. This trend was also reported for other agricultural products (Cano-Higuita, VillaVélez, Telis-Romero, Váquiro, & Telis, 2015; Ascheri, Moura, Ascheri, & Junior, 2009; Goula, Karapantsios, Achilias, & Adamoupolos, 2008) . This is because, at the beginning of sorption, there are highly active polar sites of elevated interaction energy at the product surface, which are covered with water molecules, forming a monomolecular layer. As water molecules chemically link to active sites, sorption starts to occur at less active sites, with lower interaction energy and, consequently, lower isosteric heat of sorption (Pérez-Alonso, Beristain, Lobato-Calleros, Rodríguez-Huezo, & VernonCarter, 2006 ).
An inverse trend was observed for fine particle size in roasted coffee (Figure 3 ). This same response was observed by Oliveira, Corrêa, Oliveira, Baptestini, and Vargas-Elías (2016) . The author explained that water adsorption occurred in vapor form, since the energy released by the process did not reach the value of the latent heat of condensation. The fact that the energy released is lower than that for free water indicates that the bond strength between water molecules and active sites in dry matter of the product is weaker than the bonds between water molecules. . Figure 3 shows that integral isosteric heat of sorption was always higher than latent heat of vaporization, until equilibrium moisture content reached 11 and 12% d.b., for coarse and medium particle size, respectively. This trend is because the bonding energy between water molecules and sorption sites is higher than the bonding energy among water molecules at liquid phase (Masuzawa & Sterling, 1968) . At these points, it reaches minimum values of 2402.97 and 2108.42 kJ kg -1 for coarse and medium particle sizes, respectively, indicating that the liquid isosteric heat is negative. According to Tsami (1991) , the more negative the value of heat of sorption, the higher the degree of water binding on the food. Table 3 presents fitted equations of integral isosteric heat of sorption for roasted and ground coffee in different particle sizes. The proposed equations showed good fitting, with a coefficient of determination above 97%. The Gibbs free energy of roasted and ground coffee in coarse, medium and fine particle sizes are presented in Figure 4 . Changes of the Gibbs free energy during water sorption between the product and the environment can be defined as required energy to transfer water molecules from the vapor state to a solid surface, or vice versa. This is the amount of work generated by the system during the adsorption or desorption process (Kaleemullah & Kailappan, 2007) .
Gibbs free energy values decreased with equilibrium moisture content and temperature increment. Positive values of Gibbs free energy are also expected, corresponding to endothermic reactions, which require energy from the environment to occur (Goneli et al., 2013) .
From Figure 4 , it is observed that influence of temperature over Gibbs free energy is higher at lower values of equilibrium moisture content: lower temperatures provide higher values of Gibbs free energy. This trend was also observed by Goneli et al. (2013) , as they correlated temperature to the vibration of water molecules within the product; at high temperatures this vibration (movement) is higher, leading to lower work required for the product layers to become available to sorption. At high levels of equilibrium moisture content, the temperature influence becomes negligible because the sorption sites are already available. Table 4 presents fitted equations of Gibbs free energy of roasted and ground coffee in different particle sizes. The proposed equations presented good fitting, with coefficients of determination above 99%. 
Conclusion
The GAB, Modified Oswin, Sigma-Copace and Copace models are suitable to represent the hygroscopic equilibrium of water sorption by roasted coffee, ground to different particle sizes; however, the GAB model was chosen because its coefficients are correlated to physical changes.
Reduction of equilibrium moisture content leads to an increase of released energy by water adsorption at coarse and medium particle sizes, represented by the integral isosteric heat of sorption values.
Isosteric heat of sorption at the fine particle size increased with equilibrium moisture content increments, indicating strong bonding between water molecules and the product.
The Gibbs free energy decreased with equilibrium moisture content and temperature increments.
